The human chaperonin complex is a~1 MDa nanomachine composed of two octameric rings formed from eight similar but non-identical subunits called CCT. Here, we are elucidating the mechanism of a heritable CCT5 subunit mutation that causes profound neuropathy in humans. In previous work, we introduced an equivalent mutation in an archaeal chaperonin that assembles into two octameric rings like in humans but in which all subunits are identical. We reported that the hexadecamer formed by the mutant subunit is unstable with impaired chaperoning functions. This study quantifies the loss of structural stability in the hexadecamer due to the pathogenic mutation, using differential scanning calorimetry (DSC) and isothermal titration calorimetry (ITC). The disassembly of the wild type complex, which is tightly coupled with subunit denaturation, was decoupled by the mutation without affecting the stability of individual subunits. Our results verify the effectiveness of the homo-hexadecameric archaeal chaperonin as a proxy to assess the impact of subtle defects in heterologous systems with mutations in a single subunit.
Introduction
Recent advances in human genomics are revealing numerous pathogenic germline and somatic mutations [1] , also affecting chaperone genes [2] . However, elucidating mechanisms of functional deficits remains the bottleneck for pathogenetic analysis, which interferes with progress in understanding the mutations' impact on protein homeostasis and therapeutics. Protein homeostasis is carried out mostly by the chaperoning system that, when faulty, leads to human disease. Here, we focus on the chaperonins, which are essential for protein folding and salvage pathways in all three Domains of life. The eukaryotic CCT (chaperonin containing TCP1), a Group II chaperonin, is an obligate chaperone for at least 10% of eukaryotic proteomes [3, 4] . Several CCT chaperonopathies are clinically characterized and information on their mode of inheritance exists [2, 5] . Group II chaperonins, e.g. CCT, are found in Archaea and eukaryotes, and these consist of two stacked rings of eight non-identical subunits per ring.
CCT is required for folding of various proteins such as actin, tubulin, and cell-cycle regulators eukaryotes [6] [7] [8] [9] [10] [11] , and can suppress aggregation of toxic proteins [12, 13] . Defects in protein folding and other abnormalities, many associated with chaperonopathies, are typical of cancer, and chronic inflammatory, autoimmune and neurodegenerative disorders, [2, 5, 14, 15] . The CCT conformation induced by ATP hydrolysis is associated with substrate productive folding [16] . We modelled mutant forms of the CCT hexadecamer, using an archaeal ortholog with high sequence and structural homology to CCT5 [17] . We sought to elucidate the impact of a pathogenic mutation on the intrinsic properties and on the chaperoning functions of the human CCT5 subunit. The pathogenic mutation, His147Arg, is associated with a hereditary sensory neuropathy [18] . In this chaperonopathy, as in many others, understanding the molecular impact of pathogenic mutations is key to the design and development of specific chaperonotherapies [19] .
Little is known about the impacts of pathogenic mutations on the intrinsic properties of chaperone molecules, and their functions. This is due to the multi-protein nature of the chaperoning machines, and to the scarcity of experimental models that would allow reproduction of the conditions seen in patients with chaperonopathies. We developed a model to study mutations in the CCT subunits and began to elucidate the impact of a pathogenic mutation on CCT5 structure and function [17, 20] . We investigated the mechanism of a sensory neuropathy caused by a point mutation (His147Arg) in CCT5, one of the eight subunits of the human CCT [18] . We introduced the pathogenic mutation into the ortholog chaperonin from a hyperthermophilic archaeon, Pyrococcus furiosus (Pf), which shares 44% sequence identity with the human CCT5 [17] . In the disease model, each of the 8 archaeal subunits in the two identical octamers that build the chaperoning hexadecamer carries the mutation. Therefore, the impact of the mutation is multiplied eight-fold per ring compared to the human CCT octamer. This amplification seems powerful for detecting subtle effects of a mutation, such as those which are likely to occur in humans, namely mutations that cause pathology but are compatible with survival. We found, previously, decreased stability and impaired chaperoning function of the mutant chaperonin [17] . Here, we used differential scanning calorimetry (DSC) and isothermal titration calorimetry (ITC), to quantitatively analyze the loss of structural stability in the hexadecamer containing the pathogenic mutation.
Materials and methods

Chaperonins
The molecules studied were Pf-CD1, Pf-CD1 Ile138His, and Pf-CD1 Ile138Arg, all derived from the Pyrococcus furiosus (Pf) chaperonin Group II Pf-Cpn [17; and Supplementary materials]. CD1 is a C-terminal deletion, produced by removing the last 22 residues of Pf-Cpn, a sequence segment that promotes solubility with minimal impact on function and stability. Pf-CD1 Ile138His represents the wild-type humanized version of the archaeal protein since it contains His at the site corresponding to the human mutation (Pf-H). Pf-CD1 Ile138Arg represents the pathogenic human mutant (Pf-R).
Protein production
The wild-type archaeal CCT subunit ortholog gene was amplified from P. furiosus genomic DNA, then modified and expressed in Escherichia coli to produce the three constructs as reported [17] . The pET33b(1) vector (Novagen, Madison, WI) was used for recombinant expression in E. coli BL21 (DE3). Expression details are given in Supplementary materials. Pure protein fractions were concentrated using 30 kDa spin filters (Amicon Milipore, Darmstadt, Germany) spun at 3500×g for 20 min. Protein homogeneity was assessed by running concentrated fractions on 12% SDS-PAGE gel and protein concentration was assessed using Bradford assay.
Differential scanning calorimetry (DSC)
Calorimetric experiments were conducted on a Nano-DSC (TA Instruments, New Castle, DE) with 0.3 mL capillary platinum cells. Details in Supplementary materials.
Isothermal titration calorimetry (ITC): oligomeric equilibrium
The protein oligomeric equilibrium was studied using a Nano ITC Low Volume (TA Instruments) with a reaction cell volume of 1 mL kept at 25°C. The procedure was recently described [21] [22] [23] . Details in Supplementary materials.
Isothermal titration calorimetry: ATP binding
ATP binding was studied with a Nano ITC Low Volume (TA Instruments). Details in Supplementary materials.
Results
We compared the thermal unfolding of Pf-CD1, Pf-H and Pf-R under the same conditions (scan rate, 60°C/h, and protein concentration, 0.3 mg/mL), Fig. 1 . The results showed a considerable difference in structural stability between the proteins, as demonstrated by the strong difference in calorimetric enthalpy, revealing a different energetic ability to maintain the complex structure, particularly for the pathogenic mutant Pf-R (182 kcal/mol, versus 308 and 515 kcal/mol, for Pf-H and Pf-CD1, respectively, Table 1 ).
Pf-CD1 showed more stability with respect to Pf-H and Pf-R and the highest ability to maintain the complex structure. The asymmetry observed in the DSC thermograms is evident for all proteins (particularly for Pf-H and Pf-R), and all peaks are skewed at temperatures below the transition midpoint (T m ), where the transition is less sharp and deviates more from the two-state fit, as expected for a transition coupled to dissociation [21, 25] . Consistent with a transition coupled to dissociation, the calorimetric enthalpy increased with protein concentration, Fig. 2 . These results indicate that the unfolding of Pf-CD1, Pf-H, and Pf-R is coupled with the dissociation of the oligomers, showing a different tendency to dissociate for the three proteins at increasing temperatures.
ITC enabled assessment of the oligomeric equilibrium of the three chaperonins, by revealing the fractions of monomers and oligomers as a function of concentration. The presence of monomers at high protein concentration, especially for Pf-R, was confirmed by native 4-9% gradient native-PAGE analysis [17] . The oligomers' dissociation constants K d , along with ΔH d and other thermodynamic parameters calculated for Fig. 1 . DSC. Thermograms for Pf-CD1 (red), Pf-H (green), and Pf-R (blue), all at 7 μM. The proteins show biphasic melting, but in Pf-CD1 the two peaks overlap, implying closer coupling between hexadecamer disassembly and denaturation of monomers. Calorimetric traces are given after subtraction of the instrumental base line. The scan rate was 60°C/h.
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the oligomeric equilibria of Pf-CD1, Pf-H, and Pf-R are in Table 2 .
The oligomeric equilibrium of the three chaperonins was observed by ITC, Fig. 3, A and B. The monomer fraction and the total monomer concentration in the ITC reaction cell for hexadecamer-monomer equilibrium are related through a sixteenth-order polynomial equation (see Section 2, and Table 2 for thermodynamic parameters). The data from the ITC dilution experiments show that Pf-CD1, Pf-H, and Pf-R disassembly involves a favorable and considerable enthalpy (negative) change. Therefore, the assembly of the hexadecameric complex is endothermic and is entropically driven. Moreover, the negative Gibbs free energy indicates that, for all the three proteins, disassembly is a thermodynamically favorable reaction as long as the concentration is less than the critical transition concentration (CTC). Thus, protein dilution promotes disassembly and the increase in concentration favors assembly. The hexadecamer-monomer model superimposes well on the experimental data, indicating that no intermediate states are involved.
ATP binding was also investigated by ITC, Fig. 3C -E. Pf-CD1, Pf-H, and Pf-R were shown to bind ATP. The three proteins showed different ATP-binding mechanisms, particularly Pf-R had an exothermic binding enthalpy ΔH (− 26.8 kcal/mol) compared to the endothermic transitions of Pf-CD1 and Pf-H that were 4.3 and 6.5 kcal/mol, respectively, Table 3 . Our results indicate that only the nucleotide endothermic binding to Pf-H and Pf-CD1 leads to conformational changes induced by Mg-ATP.
We also confirmed this finding by examining the ATP binding effect using circular dichroism [24] . We found that the R mutant (Pf-R) is energetically less efficient at maintaining the oligomeric complex (Fig.  S1 , and Table S1 ), as indicated also by the variation in the calorimetric enthalpy and by its elution profile in SE-HPLC. Thus the mutation appears to affect the oligomer's thermodynamic stability and its ability for effective self-organization in vitro. This is consistent with simple structure-based predictions because of the relative sizes Ile < His < Arg as shown by molecular modeling, Fig. 4 . The space for the substituted side chain is tightly constrained by neighboring residues. Moreover, the side chains' net ionic charge follows the same order as that of residues sizes, strengthening the structure-based predictions of destabilization.
Discussion
Thermodynamic analysis of oligomeric proteins provides insight into their self-organization and their response to stressors and to mutations. For heterologous proteins, such as the CCT complex, which has contributions from eight paralogous subunits, the stability of the protein may be subtly compromised by a point mutation such as the His147Arg occurring in only one subunit. Our study is novel in that we are studying a homohexadecamer, amplifying the effect of the mutation eightfold per ring, Fig. S2 . The CCT5 subunit has been successfully expressed as a homooligomeric complex [26] in both wild type as well as the His147Arg allele [27] , and was found to have a subtle defect in chaperoning ability [27] . Here, we have examined the effects of the 
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His147Arg mutation in an archaeal system that allowed the disassembly and ATP binding to be examined by DSC, ITC, and gel permeation. The oligomer's thermal denaturation appeared as a multistep process and the ratio between calorimetric enthalpy and van't Hoff enthalpy per subunit suggested a non-2-state condition. The three proteins showed differences in stability, especially in calorimetric enthalpy, revealing different energetic capacities for maintaining the complex structure, particularly for Pf-R (182 kcal/mol) versus Pf-H (308 kcal/ mol) and Pf-CD1 (515 kcal/mol). The Pf-CD1 unfolding transition was observed at higher temperature, indicating its greater capacity to maintain the hexadecamer structure. Moreover, the asymmetry observed in the DSC thermograms is evident for all proteins (particularly for Pf-H, and Pf-R), and all peaks are skewed at temperatures below the transition midpoint, where the transition is less sharp and deviates more from the two-state fit, as expected for a transition coupled to dissociation [23] . These results indicate that the dissociation of all three proteins is coupled with unfolding, but to a different extent. The multistep process is also consistent with the observed ratios greater than 1.0, a characteristic value for a two state thermal denaturing transition [28] , of the calorimetrically determined enthalpies (ΔH cal ) to the corresponding van't Hoff enthalpies (ΔH vh ) per subunit.
Further support for the multistep-disassembly process was obtained by carrying out measurements at various concentrations at the same scan rate, showing that the calorimetric enthalpy generally increased with protein concentration as expected for a transition coupled to dissociation.
The overall enthalpy change may include three main contributing factors: (i) Interaction enthalpy between subunits (ΔH i ); (ii) Conformational enthalpy of subunits (ΔH c ); and (iii) Solvation enthalpy of subunits (ΔH s ) [29] . ΔH i corresponds to the enthalpy changes from non-covalent interactions such as hydrogen bonds, electrostatic forces, and van der Waals interactions. ΔH s represents the enthalpy due to the uptake or release of the ordered water molecules from the contact interface (hydration-dehydration phenomena); the desolvation of polar and nonpolar groups is enthalpically unfavorable (although more unfavorable for polar groups). ΔH c is related to the conformational enthalpy when an ordered secondary/tertiary/quaternary structure of the protein is formed. Considering the unfavorable positive enthalpy value of Pf-CD1 assembly, we conclude that ΔH c + ΔH i values are exothermic. Oligomer dissociation with negative enthalpy also implies that the assembly process is endothermic and entropically driven [30] . Therefore, the total endothermic enthalpy of monomer binding is attributed to significant unfavorable and, thus, positive solvation enthalpy due mostly to the release of ordered water molecules from the monomer-oligomer interface. Protein folding and ligand binding to proteins through hydrophobic interactions are often accompanied by the burial of nonpolar surfaces from water [31] . The positive entropy associated with Pf-proteins assembly follows the classical hydrophobic effect, which is an entropy-driven process. Partitioning of a nonpolar molecule from water to a nonpolar phase is accompanied by an increase in the entropy of the system. Since the Pf-protein interfaces are mostly hydrophobic, there may be a large number of ordered waters released upon assembly. Thus, both the favorable entropy and the unfavorable enthalpy can be explained by a release of ordered water molecules upon hexadecamer assembly, especially in the case of Pf-CD1, where the hydrophobicity is higher than for Pf-H and Pf-R. ΔH c may additionally contribute to the endothermic overall effect. ATP binding was investigated by ITC. Pf-CD1, Pf-H, and Pf-R were shown to bind ATP, but apparently with different mechanisms, Fig. S3 . The binding isotherms were analyzed with a model considering several identical and independent binding sites. In this model, the chaperonin has 16 identical nucleotide binding sites, which are considered to be independent of each other with a uniform binding constant, K a , and enthalpy change, ΔH. The best fitting parameter values are listed in Table 3 . The theoretical curves showed a good match with the experimental data for ATP. The three proteins showed different ATP-binding mechanisms: in particular Pf-R shows an exothermic binding enthalpy ΔH (− 26.8 kcal/mol) compared to the endothermic ones of Pf-CD and Pf-H that were 4.3 and 6.5 kcal/mol, respectively. Our results indicate that the nucleotide endothermic binding to Pf-H, and to Pf-CD1, leads to conformational changes induced by Mg-ATP, showing the transition of the complex to the closed conformation, which is usually required for ATP hydrolysis to bring the lid helices into close proximity during the conformational cycling. Conformational changes in CCT have also been observed by electron microscopy [32] . Opening of the lid occurs in conjunction with releasing ADP from the active site. The complex can exist in an asymmetrical conformation with one ring closed and one open, even during ATP cycling conditions, suggesting an inter-ring allosteric model mediated through a two-stroke mechanism [33] . However, the allosteric communication that occurs between the rings is not well understood.
CD spectra of the three proteins in their native and denatured thermal state were recorded at 190-250 nm to observe the effect of nucleotide binding on the secondary structure ( Fig. S1 and Table S1 ). The results showed that the three chaperonin variants undergo conformational changes upon ATP binding. Pf-CD1 and Pf-H became more structured upon ATP binding, whereas Pf-R lost structure and resembled the denatured state to some degree.
In conclusion, the three chaperonin molecules tested have distinct thermodynamic profiles, showing different disassembly behavior and implying that there are different cooperativity levels and different conformational trajectories. The pathogenic R mutant (Pf-R) is energetically the weakest at maintaining the oligomeric complex and displays a distinct oligomeric equilibrium characterized by the lowest enthalpy of dissociation (ΔH d ). In a previous study we noted that the presence of the Arg residue replacing Ile was likely sterically unfavorable based on structural modeling [17] . The His residue apparently has a less severe effect on complex stability than Arg as expected for a less bulky sidechain. Thus, the pathogenic mutation appears to reduce the hexadecamer's stability and capacity for reassembly to form a stable complex. The observed differences in ATP binding provide further evidence that the R mutation in Pf-R destabilizes the chaperonin's structure, Fig. 4 , and thereby also interrupts the allosteric cycle by failing to induce the normal conformational changes in neighboring subunits. Our study is enabling an approach that leads to the amplification of a subtle effect, which arguably represents the majority of mutations in viable human carriers, since profound dysfunction in one subunit of these key complexes would be lethal. Information obtained with this natural system can very well help expand our knowledge on the impact of a mutation on chaperonin subunits alongside what can be learned by using the human CCT5 molecule and its oligomers in vitro [27, 28] . Both systems can be considered complementary rather than mutually exclusive. 
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